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By measuring the field and temperature dependence of magnetization on systematically doped
La2−xSrxCuO4 thin films, the critical current density jc(0) and the collective pinning energy Up(0)
are determined in single vortex creep regime. Together with the published data of superfluid density,
condensation energy and anisotropy, for the first time we derive the doping dependence of the
coherence length or vortex core size in wide doping regime directly from the low temperature data.
It is found that the coherence length drops in the underdoped region and increases in the overdoped
side with the increase of hole concentration. The result in underdoped region clearly deviates from
what expected by the pre-formed pairing model if one simply associates the pseudogap with the
upper-critical field.
PACS numbers: 74.25.Dw, 74.25.Ha, 74.20.Fg, 74.72.Dn
It is well established that the superconductivity in
the cuprates is originated from the insulating anti-
ferromagnetic parent compound by doping holes into
the system. The superconducting transition tempera-
ture Tc increases in the underdoped region and decreases
in the overdoped side, showing a parabolic shape of
Tc vs. doped hole concentration p, i.e., Tc/T
max
c =
1 − 82.6(p − pc)2 with pc ≈ 0.15 − 0.16, Tmaxc being
the maximum Tc at the optimal doping point p = pc.
At the underdoped side, an incomplete gap, namely the
pseudogap1, has been observed near the Fermi surface
at a temperature T ∗, which is much higher than Tc. It
has been a core and longstanding issue to know the cor-
relation between the pseudogap and the superconductiv-
ity. Based on the Uemura plot2 and other experimen-
tal data, Emery and Kievelson3 put forward a picture
to attribute the superconducting transition in the under-
doped region to a Bose-Einstein condensation, while that
in the overdoped side a BCS-type. This model suggests
that the pseudogap corresponds to the energy scale of
pre-formed pairing ( perhaps in the sense of resonating-
valence-bond singlet pairing4 ) and the superconducting
condensation occurs at Tc when the long range phase
coherence is established. This picture has been cited
to explain the anomaly strong Nernst effect in normal
state5,6, the time-domain optical conductivity8, the An-
dreev reflection experiment9, etc. although the upper
temperature for these effects are still far below T ∗.
In the conventional BCS scenario, the coherence length
ξ, or the upper critical field Hc2 = Φ0/2πξ
2, represent
the pairing strength. Meanwhile, ξ measures the size
of Cooper pairs and vortex core, and near Hc2 the nor-
mal vortex core with diameter of 2ξ overlap with each
other. In the BEC-BCS picture mentioned above3, the
pairing and the condensation occur as two steps lead-
ing to a non-trivial issue of defining the superconducting
coherence length. However, the vortex core size can be
determined from experiment directly. In order to get a
deeper insight to the underlying mechanism of cuprate
superconductors, it is necessary to determine the doping
dependence of the vortex core size or the superconduct-
ing coherence length ξ. This has turned out to be a very
difficult task due to the very high Hc2(0) in cuprates. In
early 90s, by measuring the temperature dependence of
diamagnetization or excess conductivity under different
magnetic fields, many groups10,11 determined the slope of
Hc2 near Tc based on the mean-field fluctuation theory
12.
Then according to the theory of Werthamer-Helfand-
Hohenberg ( WHH )13, the value Hc2(0) is derived by
Hc2(0) = 0.69|dHc2/dT |Tc . It was found that the coher-
ence length obtained in this way decreases with the in-
crease of p in the underdoped region10. Because the true
Hc2(0) is very high, the method based on the WHH the-
ory is indirect, one naturally argues whether the Hc2(0)
determined in this way is meaningful. In this Letter we
present a new approach to derive the zero-temperature
coherence length or vortex core size directly by analyz-
ing the vortex collective pinning energy on systematically
doped La2−xSrxCuO4 thin films.
Seven La2−xSrxCuO4 films made by pulsed laser abla-
tion technique, with (00l) orientation and nominal com-
position x = 0.06, 0.10, 0.125, 0.15, 0.175, 0.20 and 0.25
have been measured. It is found that p ≈ 0.07 for the
sample x = 0.06 due to easy oxygen absorption, and
p ≈ x for other samples. The thickness of the films are
typically 100nm and all samples have rectangular shape
with the same size. The films are smooth and uniform
without any traces of screw dislocations as shown by
the atomic force microscope. It is understood that the
vortex pinning in these films are from dense point-like
disorders14. Details about the fabrication were published
previously15. A vibrating sample magnetometer(VSM
8T, Oxford 3001 )is used to measure the magnetization
hysteresis loop( MHL ) of the films with the magnetic
field perpendicular to the surface. In Fig.1 we show the
Tc vs. p of these films, which can be roughly described
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FIG. 1: Correlation between Tc and p ( squares ). The solid
line represents the empirical relation Tc/38 = 1 − 82.6(p −
0.155)2. The circles stand for the jc(0) determined below.
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FIG. 2: Temperature dependence of the critical current den-
sity jc determined from the MHLs at 0.03 T. The dashed
linear lines represent the the linear part for determining the
slope dLogjc/dT and the intercept jc(0) ( see text ).
by Tc/T
max
c = 1−82.6(p−pc)2 except for a small plateau
near p = 1/8 as widely known. Fig.2 shows the tempera-
ture dependence of the magnetic critical current density
jc at 0.03 T determined from the MHLs via jc = A∆M ,
where ∆M is the width of the MHL, and A is a T and H
independent pre-factor being the same for all films since
they have the same shape and sizes. We intentionally
choose the low field data for the present work because the
single vortex creep condition is satisfied here16. In this
semi-logarithmic plot, it is clear that jc drops slowly with
increasing temperature in the low temperature region
showing a linear-like behavior Logjc = Logjc(0) − αT
with α clearly depending on the hole concentration p.
In addition to slight quantum tunnelling behavior be-
low about 5 K, the flux motion in HTS is dominated by
the thermally activated flux creep ( TAFC ) with the dis-
sipative electric field E = v0Bexp(−U/kBT ), where v0 is
the attempting speed for flux creep, U is the effective ac-
tivation energy, B the local magnetic inductance. A gen-
eral relation U(T, jc(T )) = (Up(T )/µ)[(j
0
c (T )/jc(T ))
µ −
1] is usually assumed, where µ is the glassy exponent17,
Up(T ) is the collective pinning energy, j
0
c (T ) and jc(T )
are the unrelaxed and the measured ( relaxed ) critical
current density, respectively. In the low temperature re-
gion, since dlnj0c (T )/dT ≈ 0 and Up(T ) ≈ Up(0), com-
bining the TAFC equation leads to
Up(0) = −ln(v0B/E)/[dlnjc(T )
dT
]T→0 (1)
Here ln(v0B/E) depends on p very weakly and can
be taken as constant (≈ 10)18. In this case Up(0) can
be determined by taking the slope of Logjc(T ) vs. T
in low temperature region.19. A linear fit to the low
temperature data gives rise to Up(0) ( the slope ) and
jc(0) ( the intercept ). The pinning energy Up(0) ( nor-
malized at p = 0.175 ) is presented in Fig.3 and the
zero-temperature critical current density j0c (0) = jc(0)
is shown in Fig.1. A clear peak of Up(0) is observed at
p = 0.175 rather than at p = 0.15, as illustrated by a
smaller slope of dLogjc(T )/dT for the sample p=0.175
than for 0.15.
In the single vortex pinning regime, if the pinning
is induced by point-like disorders, like in our present
thin films, the low temperature collective pinning energy
Up(0) is
16
Up(0) ∝ ǫ2/3ξ3H2c
√
jc(0)/j0 (2)
where ǫ is the anisotropy ratio ǫ = mab/mc, and the
depairing current j0 ∝ Hc/λ ∝
√
Ecρs with Hc being
the thermodynamic field, λ the penetration depth, Ec
the condensation energy, ρs the superfluid density, and
Ec ∝ H2c . All quantities in eq.(2) and the following dis-
cussions are valued at T = 0 K, and for clarity we neglect
the notes ”0” for Ec and ρs, i.e., Ec(0) = Ec, ρs = ρs(0).
It is important to note that eq.(2) is valid for both δTc-
pinning and δl-pinning14,16, pinnings induced by the spa-
tial fluctuation of Tc and mean free path respectively.
Thus the coherence length ξ can be obtained via
ξ ∝ Up(0)
1/3ρ
1/12
s
E
1/4
c jc(0)1/6ǫ2/9
(3)
In above equation, jc(0) and Up(0) are determined in
our experiment and shown in Fig.1 and Fig.3. The su-
perfluid density ρs and the condensation energy Ec for
many systems have been determined by Bernhard et al.20
and the normalized values show roughly similar doping
dependence in different systems, thus we adopt these val-
ues in the following analysis. For p = 0.07 no data of Ec
is available, and we follow the trend between p = 0.1
and p = 0.14, and extrapolate the data down to zero at
p = 0.05 where Tc vanishes ( shown by the dotted line
). The doping dependence of the anisotropy ratio ǫ is
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FIG. 3: Doping dependence of the normalized collective pin-
ning energy ( full circles ), the superfluid density ρs ( up-
triangles ) and the condensation energy Ec ( open circles )
from ref.20. The inset shows the doping dependence of the
anisotropy ǫ from ref.21,22
taken from the published values by Nakamura et al.21
and Kao et al.22. The computed results of ξ are shown
in Fig.4 together with the experimental data for YBCO-
123 system10 determined by analyzing the diamagnetiza-
tion data based on the critical fluctuation theory12. Here
the calculated value of ξ has been normalized to 20A˚ at
pc = 0.15 according to the STM measurement
23. Clearly
the coherence length ξ drops down with the increase of p
in underdoped region. It is important to note that our ap-
proach is from the low temperature data, but what turns
out is very close to that from the critical fluctuation anal-
ysis near Tc. The doping dependence of ǫ does not seem
to be very influential to the final result as shown by the
full circles with ǫ(p) considered, and open circles with ǫ as
a constant. Similar result is obtained by Ando et al.24 in
analyzing the high field magneto-conductivity in YBCO-
123 system. In Fig.4 we also plot the doping dependence
of ξ based on the preformed pairing model, i.e., by assum-
ing a simple linear relation Hc2(p) = Hc2(0)(1 − p/0.28)
and ξ =
√
Φ0/2Hc2π, with µ0Hc2(0) = 360T . It is clear
that our result deviates from the expectation of the pre-
formed pairing model when simply relating the pseudo-
gap as the upper critical field. In the following we try to
understand the data within the BEC-BCS picture.
If theHc2(0) is defined as the critical field that destroys
the superconducting state at zero K, it should have very
different meanings within different schemes for the super-
conductivity. In the conventional BCS picture, the en-
ergy scale for pairing, i.e. the superconducting gap ∆s, is
much smaller than the energy corresponding to the phase
stiffness Eph ≈ ρsh¯2/m∗, therefore the condensation oc-
curs as soon as the pairs are formed. The Hc2 in this case
is understood as the critical field for pair breaking. The
condensation energy Ec = 1/2NF∆
2
s, thus one can have
a simple estimation that Ec ∝ NF∆2s ∝ ρs∆s, where NF
is the electronic density of states near Fermi surface at
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FIG. 4: Computed coherence length ( full circles: without the
anisotropy ratio considered, open circles: with the anisotropy
ratio considered ). The up-triangles represent the case of
preformed pairing when simply associating the upper critical
field with the pseudogap. The inset shows the upper critical
field derived in this work ( full circles ) and that expected
by equating the Hc2 with the pseudogap which is assumed to
decrease linearly with p.
Tc. Since ρs ∝ 1/λ2, Hc2 ∝ 1/ξ2, Ec ∝ H2c ∝ 1/ξ2λ2,
one has then Hc2 ∝ ∆s. Near Tc, the superconducting
gap vanishes, thus Hc2 becomes zero and the coherence
length diverges.
In the underdoped region, it is conjectured that the
condensation is BEC type with the Cooper pairs formed
above Tc. If we assume that Ec = ρs∆s, since now the
energy scale ∆s, the pair breaking energy is much larger
than Eph, Hc2 is now controlled by ρs. From the known
correlation2 ρs ∝ Tc, we can expect that Hc2 ∝ ρs ∝ Tc.
This is very close to what we obtained in the unerdoped
region ( inset of Fig.4 ). It is interesting to note that
this simple relation Hc2 ∝ Tc has also been obtained by
Muthukumar and Weng25 within the bosonic resonating-
valence-bond theory. Following the BEC picture for un-
derdoped region, the vortex structure is also very differ-
ent from that expected from the BCS picture. Firstly,
the core state may be still gapped or partly gapped, re-
flecting the pseudogap feature. This may explain why the
zero bias conductance peak ( ZBCP ) has not been ob-
served within the vortex core by STM23,26, NMR27 and
specific heat28. Secondly, the pairing amplitude keeps
almost constant across the vortex core, while the super-
fluid density ρs now drops to zero in the core center and
gradually recovers its full value over a distance ( now the
vortex core size ξ). In this sense the vortex core size, or
the newly defined coherence length ξ may be proportional
to the London penetration depth λ although ξ is much
smaller than λ. Thirdly, when Tc is approached from be-
low, both the vortex core size or the coherence length and
the penetration depth will diverge due to the vanishing
static superfluid density. At low temperatures when the
magnetic field is increased, the vortex core tough each
4other at Hc2 in the conventional sense and the extremely
diluted superfluid density will not be strong enough to
sustain the long-life vortices. However the short-life vor-
tices can still be generated above Tc(H) which gives rise
to the dynamic phase stiffness as observed by the ultra-
fast optical conductivity measurement8. The anomalous
strong Nernst signal in the normal state can also be in-
terpretated in this way5,6,7 although the upper magnetic
field for observing the Nernst signal may be more close
to the pair breaking field, which is proportional to the
pseudogap. This interpretation is consistent with the re-
sult of high field measurement by Shibauchi et al.29 who
found that the pseudogap can be closed by the Zeeman
splitting under a high magnetic field, while the field cor-
responding to the superconducting peak on the c-axis
magneto-resistance Hsc scales with Tc in the entire dop-
ing regime. From our present data and analysis, we can-
not evaluate whether there is a quantum critical transi-
tion of ground states20, or the transition concerning only
the pairing symmetry30 near p=0.19. However in any
case, in the overdoped side the pairing gap drops with
p and the BCS picture is restored. Our results on the
doping dependence of the vortex core size call for future
work on observing the vortex structure directly by scan-
ning tunnelling microscope.
In conclusion, the hole doping dependence of the co-
herence length or vortex core size has been determined
directly from the low temperature data in wide doping
regime. It is found that the coherence length drops in the
underdoped region and increases in the overdoped side
with the increase of hole concentration. This behavior
clearly prevents the idea of relating the pseudogap with
the upper-critical field in underdoped region. The BEC-
BCS picture can be applied to interpret the data leading
to consequences about a new structure and many novel
features of the vortex line.
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